Compression deformation and stress relaxation tests have been made over a wide temperature range for Ti-based bcc alloy single crystal of Gum Metal composition to elucidate the deformation mechanism. The shear yield stress decreases rapidly with increasing temperature with decreasing slope above room temperature, tending to level off. Activation analysis showed that the activation volume becomes smaller than 10 b 3 (b: the Burgers vector) at high stress, indicating that the deformation is controlled by the Peierls mechanism at low temperature. Similar results have been obtained also for severely cold-swaged polycrystalline Gum Metal with the similar composition. These results contradict the generally accepted dislocation-free mechanism of Gum Metal.
Introduction
Saito et al. developed a new class of Ti-based bcc alloy which shows very high strength and high deformability. 1) This alloy, particularly after rolled to 90%, exhibits a large elastic strain owing to a high yield strength and a very low elastic modulus, and is named as Gum Metal.
2) Yielding of Gum Metal is believed to occur at the ideal shear strength, forming giant faults 3) or nanodisturbances. 4) Deformation by direct shear at the ideal shear strength is considered naively as an athermal process. Such dislocation free shear deformation is reported to realize in bcc Ti-based alloys near the composition of stable bcc phase boundary, satisfying the following conditions: (a) the ideal shear strength is low due to quite low elastic modulus, (b) due to the presence of high density of oxide particles, dislocation glide stress is higher than the ideal shear strength, (c) stress-induced martensitic transformation is suppressed, and (d) {100} cleavage fracture is also suppressed. 5) In order to clarify the deformation mechanism of crystals, particularly the role of thermal activation in the deformation process, thermal activation analysis of plastic deformation is indispensable. However, no such trial has ever been made for Gum Metal alloys. In the present paper, we report the results of thermal activation analysis of compression deformation of a typical Gum Metal for the first time.
Procedure
A solution treated followed by water-quenched single crystal with the composition of Ti-36(23)Nb-2(0.6)Ta-3(2)Zr-0.3(1.2)O (mass% (mol%)), grown in ©111ª direction by floating zone melting 6) was cut into compression specimens with a size ³1 mm © 1 mm © 2 mm. The compression axis was close to ©111ª direction. The reason for the selection of this particular orientation is that the stress induced ¢ ¼ ¡ martensitic transformation is not expected for this orientatiion. 6) After polishing the surfaces, the single crystals were compressed at a strain rate of 4 © 10 ¹4 s ¹1 at temperatures between 77 K and 450 K in a cryostat or in a furnace. Since Gum Metal alloys exhibit little work hardening, the temperature dependence of the yield stress can be obtained rather accurately from the change of the flow stress accompanying the temperature change for the same specimen. Due to almost constant flow stress, the strain rate dependence of the flow stress can also be obtained accurately from the stress relaxation curve. Figure 1 shows the results of successive yielding curve followed by stress-relaxation curve at various temperatures. Both the initial and final tests for the same specimen were conducted at room temperature to confirm the reliability of the temperature change test. However, the final yield stress was always considerably lower than the initial yield stress as seen in Fig. 1 . This can be attributed to the change of the specimen shape from a rectangular parallelepiped to an inclined shape with non-flat side faces (see, Fig. 2(a)) due to the preferential activation of one of the three equivalent {112}©111ª slip systems for ©111ª compression, which reduced the effective cross section. Assuming that the effective resolved shear stress changed linearly with the strain, we have corrected the flow stresses at different temperatures.
The thermally activated deformation rate is written by an Arrhenius rate equation:
Here, ¦H is the activation enthalpy as a function of the effective stress acting on the thermal activation sites determining the deformation rate and k B T has the usual meaning. For the dislocation glide mechanism of deformation, the pre-exponential factor _ ¾ 0 contains density of mobile dislocations, density of thermal activation sites along dislocation line and frequency factor for the thermal activation event. The pre-exponential factor can be a function of the stress, strain and temperature, but compared with the large effect of the change of the exponent as functions of effective stress and temperature on the deformation rate, the change of pre-exponential factor may be neglected. Usually, the activation analyses are performed on the assumption of the constant pre-exponential factor, and then using the obtained results, the constancy of the exponent ¦H/(k B T ) values at different temperatures is checked to rationalize the assumption. The activation volume is obtained by the equation
and the activation enthalpy by
Here,¸is the resolved shear stress and _ £ is the shear strain rate.
Results and Discussion
The surface deformation markings taken by optical microscopy and SEM are given in Fig. 2 . Most slip markings are almost parallel, with some waviness, to the trace of only one {112}©111ª slip system among three equivalent {112}©111ª slip systems for ©111ª compression axis, possibly due to a slight deviation of the stress axis from the exact ©111ª. We note that stress induced ¢ ¼ ¡AA martensitic transformation as observed in ©110ª tensile specimen for the same Gum Metal 7) was not observed in the present ©111ª compression specimens even at compressive stress as high as 2.2 GPa at 77 K, but was observed in near-©100ª compression specimens at 1.2 GPa, consistently with the theoretical analysis by Morris Jr. et al. Figure 3 shows the temperature dependence of the resolved shear yield stress together with that of the strain rate sensitivity value @¸= ln _ £ at the yield stress, determined by the stress relaxation curve which shows exponential decrease. The shear yield stress decreases with increasing temperature with a decreasing slope, tending to leveling off at high temperature. By use of the temperature and strain rate dependences in Fig. 3 , the activation volume and activation enthalpy have been calculated according to eqs. (2) and (3) as a function of the shear stress. The results are given in Fig. 4 . The activation volume decreases with increasing stress and becomes as small as 10 b 3 (b: magnitude of the Burgers vector 1/2©111ª). To evaluate the validity of the activation analyses, the values of exponent ¦H/(k B T) at the yield stresses at different temperatures are plotted in the inset figure in Fig. 4 . Though the data are scattered, the exponents are around 30, which is the typical value for bcc metals. 8) Taking into account fairly large uncertainties of determining @¸=@ ln _ £ and @¸=@T values, the above thermal activation analyses may be validated. As a result, ¦H vs.¸curve shows the same shape as¸y vs. T curve when the horizontal axis and the vertical axis are interchanged.
6)
The present results of the activation analysis are quite consistent with those reported generally in bcc metals. Reported results of the activation analyses for bcc metal Fig. 2 (a) optical micrograph of (211) surface of a compressed single crystal specimen (¾ = 7.2%), (b) SEM micrograph taken at left-bottom corner of (a). single crystals, e.g. of pure iron 9) and niobium, 10) show activation volumes at high stresses are commonly smaller than 10 b 3 . It is believed that low temperature deformation of all the bcc metals is governed by the Peierls mechanism, where the kink-pair formation on screw dislocations controls the deformation rate; the dislocation theory of the kink-pair formation has been shown to be quite consistent with experimental results.
11) For some Gum Metal alloys, deformation by screw dislocation glide mechanism has already been reported by in-situ TEM experiment for annealed sample 12) and also for quenched samples in recent years. 13, 14) The present results are consistent with those results for Gum Metal alloys without severe plastic deformation.
To investigate the effect of severe plastic deformation on the deformation mechanism, we have also performed the same experiment for severely cold-swaged polycrystalline Gum Metal of similar composition. Surprisingly, the results were similar to the quenched single crystal. In this paper, we present only the results of the activation analysis for the swaged samples together with those of single crystal in Fig. 4 by different marks. We note that the deformation shear stresses are considerably higher in cold swaged polycrystalline specimens than in single crystals due to work hardening by plastic deformation.
What is the mechanism of the high yield stresses of those Gum Metals at room temperature? Besse et al. reported that the yield strength of oxygen free Ti-based alloy with otherwise the same composition as Gum Metal exhibits the yield strength at room temperature as low as ³200 MPa, 14) while the yield strength of the quenched Gum Metal containing oxygen is ³900 MPa, almost the same as that of the present single crystal (· y = 882 MPa). This fact suggests that the high strength of quenched gum metal is due to solid solution hardening by dissolved interstitial oxygen atoms. The temperature dependence of solution hardened bcc metal alloys commonly consists of a rapid temperature dependent part at low temperature due to the Peierls mechanism and a gentle temperature dependent (often athermal) part at high temperature due to alloy hardening, both by substitutional 15, 16) and interstitial elements.
1720) The stress level of the latter part is negligibly small for pure bcc metals and increases with increasing solute concentration. It is well known that the rate of interstitial solid solution hardening in transition bcc metals is order of magnitude larger than that of substitutional solid solution hardening. For Fe-(C,N) solid solution alloy single crystals, Nakada and Keh reported that the shear yield stress at room temperature increases linearly with N+C concentration (below 0.15 at%) with the rate of 450 MPa/at%(N+C). 17) Lachenmann and Schultz showed that in Ta-N solid solution single crystals, the shear yield stress at room temperature increases linearly with N concentration (below 0.04 at%) with the rate of 500 MPa/ at% N. 19) Puhr-Westerheide and Elssner reported that yield stress of polycrystalline Ta increases linearly with O concentration and N concentration (below 1.0 at%) with the rate of ¦·/¦c = 630 MPa/at% and 400 MPa/at%, respectively. 20) No data are available for interstitial solution hardening for bcc Ti-based alloys, but the shear yield stress at room temperature, 280 MPa for 1.2 at% oxygen, may well be interpreted mainly by interstitial solution hardening.
Conclusion
The deformation process of water-quenched Gum Metal specimens both before and after severe plastic deformation is controlled by a thermally activated process which is consistent with those observed in bcc solid solution alloys, and not by an athermal dislocation-free process at the ideal shear strength. If so, the specific microstructures observed in deformed Gum Metals 3, 4) must be the products of dislocation activities. To elucidate the deformation mechanism of Gum Metal thoroughly, more elaborate transmission electron microscopy observations, both in-situ and post-mortem, are necessary. 
